Introduction {#j_jvetres-2020-0025_s_001}
============

The major histocompatibility complex (MHC) in humans is a set of highly polymorphic genes coding for histocompatibility antigens which are the molecules MHC I and MHC II presenting antigens to T-lymphocytes, and of genes displaying limited polymorphism and coding for MHC III molecules which are also associated with immune response. It is important to point out, also with regard to the diversity of the MHC molecules, which may be classical or non-classical, that the ability to present antigens and the activation of T lymphocytes is linked to both the high polymorphism of MHC molecules and the level of their expression in cells. In humans, the genes of the major histocompatibility complex can be found on the short arm of chromosome 6. The *HLA-A*, *HLA-B*, and *HLA-C* (human leukocyte antigen-A, -B, -C) genes that code for the classical MHC molecules (class Ia, MHC Ia) can be found in the MHC I region, in the telomere part of chromosome 6. These molecules are highly polymorphic and play a key role in the presentation of proteins. The same part also contains the *HLA-E*, *HLA-F*, and *HLA-G* genes as well as the *MIC A* and *MIC B* (MHC class I-related chain -A, -B) genes which code for the non-classical MHC I molecules (class Ib, MHC Ib). As opposed to the MHC Ia molecule, MHC I non-classical molecules display a significantly lesser degree of polymorphism, and their distribution in tissues is significantly more limited. The MHC II region, which is situated closer to the centromere, contains the *HLA-DP*, *HLA-DQ* and *HLA-DR* genes that condition the synthesis of the classical MHC II molecules (class IIa, MHC IIa). These are highly polymorphic, as MHC Ia also is, and play a major part in the protein presentation. In that region there are also the *HLA-DM* and *HLA-DO* genes which code for the non-classical MHC II (class IIb, MHC IIb) molecules, *i.e*. the HLA-DM and HLA-DO molecules which are atypical and not very polymorphic, and their role in the antigen presentation is limited to participation in the exchange of the CLIP (class II-associated invariant chain) peptide for the antigen. The region of the genes encoding MHC class III molecules is situated between the MHC I region and the MHC II region. It encompasses the genes of the complement system components (proteins C2 and C4) and those of factor B, as well as other genes, *e.g*. the genes encoding tumour necrosis factors (TNF) α and β and a heat shock protein (HSP) 70. It should be noted, however, that the classical antigens of the major histocompatibility complex in humans, the MHC Ia and MHC IIa molecules, as well as some non-classical molecules of both the MHC antigen types take part, as key elements, in the development of adaptive immune response ([@j_jvetres-2020-0025_ref_007], [@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_019], [@j_jvetres-2020-0025_ref_021], [@j_jvetres-2020-0025_ref_038]).

In humans, MHC class I molecules can be found on the surfaces of nuclear cells, erythrocytes, and platelets. The molecules are composed of the heavy chain α that consists of domains α1, α2, and α3, and of a light chain linked by a non-covalent bond, *i.e*. the β2 subunit called a microglobulin (β2M). The external domains α1 and α2 of heavy chain α, which are distinguished by high polymorphism, form an antigen-binding groove -- a place where endogenous antigens originating from the cell's own peptides and the pathogens replicating inside the cell or viruses bind to each other. These molecules develop in the lumen of the endoplasmic reticulum (ER), where heavy chain α combines with β2M. There, MHC I molecules, accompanied by tapasin that temporarily strains the antigen-binding groove and takes part in binding high affinity peptides, take the form of an immune complex -- an antigen peptide -- MHC I (p-MHC I). Once the p-MHC I complex has emerged onto the surface of the cell, it takes part in the presentation of antigens to CD8+ cytotoxic T lymphocytes ([@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_019], [@j_jvetres-2020-0025_ref_021], [@j_jvetres-2020-0025_ref_038]). Relatively less is known about the functions of the MHC Ib molecules coded for by the considerably less polymorphous genes *HLA-E*, *HLA-F* and *HLA-G* ([@j_jvetres-2020-0025_ref_019]). The MIC A and MIC B molecules, which are functionally different from MHC Ia, are, on the other hand, considered products of the genes expressed on the neoplastic cell surface, and ligands for the C-type lectin receptor NKG2D that is present on natural killer cells (NK) cells, Tγδ lymphocytes, Tαβ CD8^+^ lymphocytes, and macrophages. It is necessary to emphasise that the proteins from the family of C-type lectin receptors play an important role in the susceptibility of neoplastic cells to the activity of NK cells ([@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_018]).

In humans, the MHC II molecules which are present on the surface of the antigen-presenting cells (APCs), including in particular dendritic cells, B lymphocytes, and macrophages, are responsible for the presentation of the antigen to the CD4+ helper T lymphocytes in the form of a p-MHC II complex ([@j_jvetres-2020-0025_ref_019], [@j_jvetres-2020-0025_ref_038]). These molecules are composed of chains α and β, linked by a non-covalent bond. Each of the chains consists of two domains, respectively α1 and α2 and β1 and β2. The external domains of both chains, α1 and β1, are characterised by high polymorphism and produce an antigen-binding site -- the groove. MHC II molecules develop, akin to MHC I molecules, in the lumen of an endoplasmic reticulum where the α and β chains combine to form a complex with an invariant chain (Ii-chain). In such a form, the molecules are eventually transported to late endosomal compartments. There, the Ii-chain is trimmed by cathepsins and, as a result, only the fragment called MHC class II-associated invariant chain peptide, CLIP, which functions as a substitute peptide, remains with the groove that binds the peptide of the MHC II molecule. In the subsequent development phases of the immune response, the substitute peptide is replaced by a peptide with higher affinity, that is, with an endosomal peptide from endogenous proteins or with a peptide of endocytic origin. This process involves the MHC IIb and HLA-DM molecules as protein replacement catalysts (a similar role is played by tapasin in the formation of the p-MHC I complex), whereby the role of the proteins is controlled by the HLA-DO molecule ([@j_jvetres-2020-0025_ref_014], [@j_jvetres-2020-0025_ref_019], [@j_jvetres-2020-0025_ref_038]).

In the past, the immune system in Osteichthyes has been perceived as a system that is functionally limited to innate immune mechanisms, although research into MHC molecule genes in these animals was undertaken as long ago as in the 1970s and covered, among other fish species, zebrafish (*Danio rerio*, synonym *Brachydanio rerio*), rainbow trout (*Oncorhynchus mykiss*), olive flounder (*Paralichthys olivaceus*), European bass (*Dicentrarchus labrax*), channel catfish (*Ictalurus punctatus*), and turbot (*Scophthalmus maximus*) ([@j_jvetres-2020-0025_ref_017]). Based on analysis of available genome sequences, five gene lineages of MHC class I molecules (MHC I-U, -Z, -S, -L, and -P) and one gene lineage of MHC class II molecules (MHC II-D) have been identified in Osteichthyes. In the latter lineage, three MHC II molecule sublineages have been identified (MHC II-A, -B, and -E). The presence of molecules of the MHC I-U and -Z lineages has been proven in, among other fish species, zebrafish, Atlantic salmon (*Salmo salar*), medaka (*Oryzias latipes*), Nile tilapia (*Oreochromis niloticus*), three-spined stickleback (*Gasterosteus aculeatus*), torafugu (*Takifugu rubripes*), spotted green pufferfish (*Tetraodon nigroviridis*), and Mexican tetra (*Astyanax mexicanus*). In contrast, all the MHC I and MHC II molecule lineages represented by different numbers of genes have only been found in Atlantic salmon ([Table 1](#j_jvetres-2020-0025_tab_001){ref-type="table"}) ([@j_jvetres-2020-0025_ref_005], [@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_013]). Given the enormous diversity and the very high numbers of taxonomic units for fish classified into the superclass *Osteichthyes*, it is important to recognise the infraclass *Teleostei* (class *Actinopterygii*, subclass *Neopterygii*) as the most populous taxonomic group. In the investigation of the structure and the functions of the major histocompatibility complex, most attention has been paid to fish classified into *Teleostei*, and the fish about which most is known include representatives of the clades *Otomorpha* (synonym: *Otocephala*), *e.g*. zebrafish; *Neoteleostei*, *e.g*. medaka; and fish from the group *Protacanthopterygii* (superorder *Protacanthopterygii*), *e.g*. rainbow trout and Atlantic salmon ([@j_jvetres-2020-0025_ref_002], [@j_jvetres-2020-0025_ref_040]). It should be added that in Osteichthyes, the karyotype is not homogeneous, although in most species, it contains 25 pairs of acrocentric chromosomes and between 48 and 52 chromosome arms. Salmonidae have between 96 and 104 chromosome arms, which is a result of the whole genome duplication (WGD) in the ancestor of this taxonomic group and is considered a modal value in Salmonidae, inter alia in rainbow trout. However, Atlantic salmon are characterised by a certain dissimilarity: their karyotype contains 12 pairs of large acrocentric chromosomes and 72--74 chromosome arms ([@j_jvetres-2020-0025_ref_031]). The distribution of the genes of the major histocompatibility complex in Osteichthyes is also complicated and thus far more different from that in humans. In Atlantic salmon, they are on 15 chromosomes ([@j_jvetres-2020-0025_ref_005], [@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_013]) ([Table 1](#j_jvetres-2020-0025_tab_001){ref-type="table"}).

###### 

MHC class I and II gene loci in Atlantic salmon ([@j_jvetres-2020-0025_ref_005], [@j_jvetres-2020-0025_ref_013]) (a) against the background of the relevant data for humans (b)

  ------ ------ -------------------------------------------------------------------------------------------------------------------------------- ------ ---------------------------------------------------------------------------------------------------------------
                \(a\)                                                                                                                                   
                                                                                                                                                        
  Chr.          [^\*^](#j_jvetres-2020-0025_fn_001){ref-type="table-fn"}MHC I genes in *Salmo salar (Sasa)* (*MhcSasa-U... or Z, S, L, P...*)           [^\*^](#j_jvetres-2020-0025_fn_001){ref-type="table-fn"}MHC II genes in *Salmo salar (Sasa)* (*MhcSasa-D...*)
                                                                                                                                                        
  2      None                                                                                                                                           *DCB1, DCA / DEA, DEB / DCB2*
                                                                                                                                                        
  5      None                                                                                                                                           *DEAψ, DEBψ*
                                                                                                                                                        
  7             *PAAψ*                                                                                                                           None   
                                                                                                                                                        
  9             *SAA*                                                                                                                            None   
                                                                                                                                                        
  10            *LKAψ*                                                                                                                           None   
                                                                                                                                                        
  11            *LCA*, *LCAψ*                                                                                                                    None   
                                                                                                                                                        
  12            *LDA*                                                                                                                                   *DDA*, *DDB / [^\*\*^](#j_jvetres-2020-0025_fn_003){ref-type="table-fn"}DAA*, *DAB1*
                                                                                                                                                        
  13     None                                                                                                                                           *DBB*, *DBA*
                                                                                                                                                        
  14            *UDA1*, *UCA2 / UCA1*, *UGA / ZBAb*, *ZCAb*, *ZDAbψ*                                                                             None   
                                                                                                                                                        
  20            *SAAψ*                                                                                                                           None   
                                                                                                                                                        
  21            *LIA / UHA1*, *UHA2*                                                                                                             None   
                                                                                                                                                        
  22     None                                                                                                                                           *DABψ*
                                                                                                                                                        
  25            *LIAψ / LLAψ*                                                                                                                    None   
                                                                                                                                                        
  26            *LFA*, *LGA*, *LHA*                                                                                                              None   
                                                                                                                                                        
  27            *ULA*, *[^\*\*^](#j_jvetres-2020-0025_fn_003){ref-type="table-fn"}UBA*, *ZAAa*, *ZBAa*, *ZCAa*, *ZDAa*                           None   
                                                                                                                                                        
                \(b\)                                                                                                                                   
                                                                                                                                                        
  Chr.          MHC I genes in humans                                                                                                                   MHC II genes in humans
                                                                                                                                                        
  6             *[^\*\*^](#j_jvetres-2020-0025_fn_003){ref-type="table-fn"}HLA-A*, *HLA-B*, *HLA-C HLA-E*, *HLA-F*, *HLA-G*, *MICA* and *MICB*          *[^\*\*^](#j_jvetres-2020-0025_fn_003){ref-type="table-fn"}HLA-DP*, *HLA-DQ* and *HLA-DR HLA-DM* and *HLA-DO*
  ------ ------ -------------------------------------------------------------------------------------------------------------------------------- ------ ---------------------------------------------------------------------------------------------------------------

Chr. -- chromosome no.; symbol ( / ) -- divides genes with separate loci;

-- the constituents of the nomenclature of MHC class I and class II genes are listed in [Tables 2](#j_jvetres-2020-0025_tab_002){ref-type="table"} and [4](#j_jvetres-2020-0025_tab_004){ref-type="table"};

-- genes of the classical MHC molecules

###### 

Constituents of the nomenclature of MHC class I genes (table cells with grey underlay) in fish on the example of Atlantic salmon ([@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_013])

  MHC     Fish genus and species symbol   MHC class I gene lineage   MHC class I gene sublineage                                     Locus   Subclass            Gene                                                                          Full name / symbol of gene
  ------- ------------------------------- -------------------------- --------------------------------------------------------------- ------- ------------------- ----------------------------------------------------------------------------- ----------------------------------------------------------------------------------------
                                                                                                                                     *B*                         *UBA[^\*\*^](#j_jvetres-2020-0025_fn_0007){ref-type="table-fn"}*              *MhcSasa-UBA*
                                                                                                                                     *C*                         *UCA1[^\*\*\*^](#j_jvetres-2020-0025_fn_0008){ref-type="table-fn"}*, *UCA2*   *MhcSasa-UCA1*, *MhcSasa-UCA2*
                                                                                                                                     *D*                         *UDA1*                                                                        *MhcSasa-UDA1*
                                                                                                                                     *G*                         *UGA*                                                                         *MhcSasa-UGA*
                                          *U*                        None                                                            *H*                         *UHA1*, *UHA2*                                                                *MhcSasa-UHA1*, *MhcSasa-UHA2*
                                                                                                                                     *L*                         *ULA*                                                                         *MhcSasa-ULA*
                                                                                                                                     *A*                         *ZAAa*                                                                        *MhcSasa-ZAAa*
                                                                                                                                     *B*                         *ZBAa*, *ZBAb*                                                                *MhcSasa-ZBAa*, *MhcSasa-ZBAb*
                                          *Z*                        *Z1[^\*^](#j_jvetres-2020-0025_fn_0009){ref-type="table-fn"}*   *C*                         *ZCAa*, *ZCAb*                                                                *MhcSasa-ZCAa*, *MhcSasa-ZCAb*
                                                                                                                                     *D*                         *ZDAa*, *ZDAb[^ψ^](#j_jvetres-2020-0025_fn_0010){ref-type="table-fn"}*        *MhcSasa-ZDAa*, *MhcSasa-ZDAb[^ψ^](#j_jvetres-2020-0025_fn_0010){ref-type="table-fn"}*
  *Mhc*   *Sasa*                          *S*                        None                                                            *A*     *A* (for chain α)   *SAA*, *SAA[^ψ^](#j_jvetres-2020-0025_fn_0010){ref-type="table-fn"}*          *MhcSasa-SAA*, *MhcSasa-SAA[^ψ^](#j_jvetres-2020-0025_fn_0010){ref-type="table-fn"}*
                                                                                                                                     *C*                         *LCA, LCA[^ψ^](#j_jvetres-2020-0025_fn_0010){ref-type="table-fn"}*            *MhcSasa-LCA*, *MhcSasa-LCA[^ψ^](#j_jvetres-2020-0025_fn_0010){ref-type="table-fn"}*
                                                                                                                                     *D*                         *LDA*                                                                         *MhcSasa-LDA*
                                                                                                                                     *F*                         *LFA*                                                                         *MhcSasa-LFA*
                                                                                                                                     *G*                         *LGA*                                                                         *MhcSasa-LGA*
                                                                                                                                     *H*                         *LHA*                                                                         *MhcSasa-LHA*
                                          *L*                        None                                                            *I*                         *LIA*, *LIA[^ψ^](#j_jvetres-2020-0025_fn_0010){ref-type="table-fn"}*          *MhcSasa-LIA*, *LIA[^ψ^](#j_jvetres-2020-0025_fn_0010){ref-type="table-fn"}*
                                                                                                                                     *K*                         *LKA[^ψ^](#j_jvetres-2020-0025_fn_0010){ref-type="table-fn"}*                 *MhcSasa-LKA[^ψ^](#j_jvetres-2020-0025_fn_0010){ref-type="table-fn"}*
                                                                                                                                     *L*                         *LLA[^ψ^](#j_jvetres-2020-0025_fn_0010){ref-type="table-fn"}*                 *MhcSasa-LLA[^ψ^](#j_jvetres-2020-0025_fn_0010){ref-type="table-fn"}*
                                          *P*                        None                                                            *A*                         *PAA[^ψ^](#j_jvetres-2020-0025_fn_0010){ref-type="table-fn"}*                 *MhcSasa-PAA[^ψ^](#j_jvetres-2020-0025_fn_0010){ref-type="table-fn"}*

-- a gene of an MHC Ia molecule;

-- locus no.;

-- sublineage *Z1* with a typical sequence, isolated in, inter alia, *Salmo salar*;

-- pseudogenes

MHC class I molecules in Osteichthyes {#j_jvetres-2020-0025_s_002}
=====================================

As previously mentioned, five lineages of MHC class I molecules, MHC I-U, -Z, -S, -L, and -P ([@j_jvetres-2020-0025_ref_013]), have been identified in Osteichthyes based on phylogenetic grouping, and the gene nomenclature for MHC molecules, both for class I and class II has been introduced according to Klein *et al*. ([@j_jvetres-2020-0025_ref_020]), as mentioned by Grimholt ([@j_jvetres-2020-0025_ref_011]). A full name (symbol) of a gene should contain the following constituents: *Mhc*, next, the first two letters of the generic and specific name of an animal/fish, *e.g*. *Sasa* from *Salmo salar*, plus other symbols. For genes of MHC I molecules, the first symbol, which indicates the class identification of the gene, is the letter U (from the Latin word *uno*). This letter has been first adopted to describe the genes identified in Atlantic salmon. Depending on the fish species in which the genes were subsequently identified, or on other details related to subsequently identified genes of the same class, other symbols are used. These are the letters -Z, -S, -L, and -P. The next symbol is the letter that represents the gene locus, while the third symbol, A (for chain α), refers to the subclass ([@j_jvetres-2020-0025_ref_011]) ([Table 2](#j_jvetres-2020-0025_tab_002){ref-type="table"}).

Among the lineage U genes in Osteichthyes, the genes of the classical (MHC Ia) and non-classical (MHC Ib) MHC molecules have only been identified in a few species. A gene of the classical MHC I molecule in Osteichthyes was first identified in Atlantic salmon and described in 1993. It was later named *MhcSasa-UBA* and evidence was found that it can occur in a number of versions -- in the form of multiple alleles ([@j_jvetres-2020-0025_ref_011]). The classical MHC I molecules have also been proven to occur in medaka ([@j_jvetres-2020-0025_ref_028]), pompano (*Trachinotus ovatus*) ([@j_jvetres-2020-0025_ref_003]), rainbow trout, as well as in pink salmon (*Oncorhynchus gorbuscha*) and in cyprinids (*Cyprinidae*) ([@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_013]). In medaka apart from the gene of the classical MHC I-UBA molecule (locus B), also another gene for the MHC Ia molecule has been found. It is identified as MHC I-UAA (locus A). These genes, except for the wide range of alleles, e.g. from 1 to 3 alleles of *UBA* gene in pompano (*Trachinotus ovatus*), 44 alleles of the *UBA* gene in Atlantic salmon, and 50 alleles of the *UBA* gene in rainbow trout, distinguish themselves in expression in a variety of fish tissues ([@j_jvetres-2020-0025_ref_003], [@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_013], [@j_jvetres-2020-0025_ref_027], [@j_jvetres-2020-0025_ref_028]). The other genes of MHC I-U molecules in Salmonidae, *i.e. UHA*, *UDA*, *UCA*, *UGA*, *ULA*, as well as *UEA* and *UFA*, have been classified into MHC Ib molecules with limited polymorphism. Also, there are additional duplicated loci of the genes of MHC Ia and MHC Ib molecules in Salmonidae that have developed in the process of duplication of the genome of vertebrates (WGD) ([@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_023], [@j_jvetres-2020-0025_ref_033]). The genes of MHC Ib molecules, *UDA* and *UEA* in medaka, just as the genes *UBA* and *UAA* of MHC Ia molecules, have been proven to occur in the MHC I region. In contrast, the other genes, *UCA*, *UGA*, *UHA*, and *UIA*, are scattered throughout other regions of the genome ([@j_jvetres-2020-0025_ref_027]). Research on zebrafish has shown that the genes of MHC Ia molecules or of potentially classical MHC I molecules occur within six haplotypes (A -- F) ([@j_jvetres-2020-0025_ref_026]). The MHC Ia genes include *UDA*, *UEA*, and *UFA* within haplotype A, and *UBA* and *UJA* within haplotypes B and C, respectively. A likely possibility of being classified into the group of MHC Ia genes has been ascribed to the genes *UGA* (haplotype D), *UHA* (haplotype F), and *UIA* (haplotype E) ([@j_jvetres-2020-0025_ref_026]). The lineage U gene diversity in Osteichthyes is, however, much greater than that presented above. Studies have found, for example, that in Atlantic cod (*Gadus morhua*) there are 42 polymorphic genes of the lineage U per specimen, with absent MHC class II molecules in this species, whereas the Nile tilapia (*Oreochromis niloticus*) has been proven to have 45 genes of MHC I-U molecules, and the three-spined stickleback (*Gasterosteus aculeatus*) has been described as having 29 genes in which, both in the cases of Nile tilapia and the three-spined stickleback (*Gasterosteus aculeatus*), as opposed to Atlantic cod, MHC II molecules are present ([@j_jvetres-2020-0025_ref_013], [@j_jvetres-2020-0025_ref_035]).

Separate genes of MHC class I molecules, characterised by sequences other than genes of MHC I-U molecules and first identified in cyprinids, have been classified as lineage Z genes of MHC I molecules (MHC I-Z). Similar genes but with not the same sequences have been identified in the Mexican tetra and other species of Osteichthyes. This has led to adoption of a new division of the genes of MHC I-Z molecules, in which genes with a typical sequence were separated and classified into sublineage Z1. Such genes are present in, among other species, Atlantic salmon, zebrafish, medaka, three-spined stickleback (*Gasterosteus aculeatus*), and Nile tilapia. Genes with an atypical sequence as in the Mexican tetra and as in carps (*Cyprinus carpio*) were classified into sublineages Z2 and Z3, respectively ([@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_013]). The species of Osteichthyes in question have been shown to have different numbers of genes of MHC I-Z molecules. For example, in the Mexican tetra, 18 genes were identified, including 10 sublineage Z1 genes and eight sublineage Z2 genes, whereas ten genes of zebrafish were classified into sublineage Z1, and in the three-spined stickleback and Atlantic cod, one lineage Z1 gene was found. However, each of the above fish species expressed at least one sublineage Z1 gene. Moreover, the fact that the sequences of the majority of the analysed sublineage Z1 genes are similar to the 37 amino acid residues forming hollows, or pockets A to F in the antigen-binding groove made up of domains α1 and α2 of the classical MHC I HLA-A2 molecules in humans appears to be particularly interesting, also from the evolutionary point of view. For the Atlantic salmon, zebrafish, medaka, three-spined stickleback, Nile tilapia, spotted green pufferfish, torafugu, and Amazon molly (*Poecilia formosa*), the degree of similarity of most residues was between 90% and 100%. It may therefore be concluded that the MHC I-Z Z1 molecules identified in Osteichthyes have a common (the same or similar in all the fish species studied) ligand that has not been identified / determined to date ([@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_013]).

As regards MHC class I molecules of the -S, -L, -P lineages in Osteichthyes, it is supposed that they most likely do not bind antigens and their function remains unclear ([@j_jvetres-2020-0025_ref_005], [@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_013]). MHC I-S lineage genes have been recognised in the aju (synonyms sweetfish, *Plecoglossus altivelis*), Atlantic salmon, Mexican tetra, and channel catfish (*Ictalurus punctatus*) ([@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_013]). These molecules are characterised by the absence of the sequence of amino acid residues that forms the antigen-binding groove and are typical of the classical MHC I molecules. The short cytoplasmic part is another common feature of MHC I molecules of lineage S ([@j_jvetres-2020-0025_ref_011]), making them similar to the HLA-G molecules in humans that display a low degree of polymorphism and, at the same time, a wide range of immunoregulatory properties ([@j_jvetres-2020-0025_ref_010], [@j_jvetres-2020-0025_ref_011]).

Genes of MHC I-L molecules have been found in, among other species, spotted gar (*Lepisosteus oculatus*) -- 2 genes, zebrafish -- 16 genes, Mexican tetra -- 2 genes, Atlantic salmon -- 10 genes, and Nile tilapia -- 1 gene ([@j_jvetres-2020-0025_ref_008], [@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_013]). Loss of introns at some genes of MHC I-L molecules, to different extents in different fish species, is a peculiar property of theirs. The rainbow trout has been shown to have no introns separating the exons that code for domains α1, α2, and α3 in genes *LBA*, *LCA*, and *LDA*, as opposed to gene *LAA* that has a complete set of introns. The Nile tilapia demonstrates a completely different picture of the *LAA* gene structure with absent introns between domains α1 and α2 ([@j_jvetres-2020-0025_ref_006], [@j_jvetres-2020-0025_ref_013]). Furthermore, as is the case with lineage S molecules, there are also no amino acid residues typical of peptide/ antigen-binding sites in the sequence of genes of MHC I-L molecules ([@j_jvetres-2020-0025_ref_011]).

Different numbers of MHC I-P molecules have been found in spotted gar, Mexican tetra, Atlantic cod, spotted green pufferfish (*Tetraodon nigroviridis*), Atlantic salmon (*Salmo salar*), sablefish (*Anoplopoma fimbria*), European bass (*Dicentrarchus labrax*), as well as in cavefish and torafugu ([@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_013]). Most genes of MHC I-P molecules occur in torafugu (*Takifugu rubripes*), however, only 8 of the 24 genes or gene fragments concerned code for MHC I-P molecules that have domains α1 -- α3. Some of the genes of lineage P MHC I molecules in Osteichthyes are classified as pseudogenes, as evidenced for the cavefish in which loci of one gene and probably one pseudogene were found, and for the Atlantic salmon in which the only lineage P MHC I gene is a pseudogene ([@j_jvetres-2020-0025_ref_013]). These molecules do not have any sequences of peptide- or ligand-binding residues and are therefore classified as non-classical MHC I molecules. However, they are characterised, just as MHC I-UBA, -UEA, and -UIA molecules ([@j_jvetres-2020-0025_ref_027]), by the presence of additional cysteine molecules within the structure of domain α1, in a location that enables them to form a bond between the β-sheet and α-helix. This may affect the structure and elasticity of this area, and ultimately the ability to bind ligands ([@j_jvetres-2020-0025_ref_011]). The role of these molecules still remains unclear, also in the light of the absence of MHC I genes of lineages -L, -S, and -P in certain fish species.

To sum up the data relating to MHC class I molecules in Osteichthyes, it should be underlined that lineages U and Z of MHC I genes have been found in almost all of the fish species examined to date, even in the oldest fish in terms of phylogenetics, *e.g*. in lungfish (subclass: *Dipnoi*) (lineage Z), paddlefish (family: *Polyodontidae*) (lineage U), sturgeons (family: *Acipenseridae*) (lineages U, Z), and in spotted gar (family: *Lepisosteidae*) (lineages U, Z) ([Table 3](#j_jvetres-2020-0025_tab_003){ref-type="table"}). It is also noticeable that the classical MHC I molecules are descended from the genes located in lineage U.

###### 

Occurrence of MHC I and MHC II genes in selected species of Osteichthyes ([@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_013])

  Selected species of Osteichthyes         MHC I   MHC II                                                                                             
  ---------------------------------------- ------- -------- ----------------------------------------------------------- ---- ---- ---- ---- ---- ---- ----
  Lungfish (subclass *Dipnoi*)             --               x[^\*^](#j_jvetres-2020-0025_fn_024){ref-type="table-fn"}        --   --   --   --   --   --
                                                                                                                                                      
  Paddlefish (family *Polyodontidae*)      x                --                                                               --   --   --   --   --   x
                                                                                                                                                      
  Sturgeon (family *Acipenseridae*)        x                x[^\*^](#j_jvetres-2020-0025_fn_024){ref-type="table-fn"}        --   --   --   --   --   x
                                                                                                                                                      
  Spotted gar (*Lepisosteus oculatus*)     x                x[^\*^](#j_jvetres-2020-0025_fn_024){ref-type="table-fn"}        0    x    x    x    x    
                                                                                                                                                      
  Zebrafish (*Danio rerio*)                x       x        --                                                          --   0    x    0    x    x    0
                                                                                                                                                      
  Carp (*Cyprinus carpio*)                 x       x        --                                                          x    --   --   --   x    --   x
                                                                                                                                                      
  Mexican tetra (*Astyanax mexicanus*)     x       x        x                                                           --   x    x    x    --   --   --
                                                                                                                                                      
  Atlantic salmon (*Salmo salar*)          x       x        --                                                          --   x    x    x    x    x    x
                                                                                                                                                      
  Medaka (*Oryzias latipes*)               x       x        --                                                          --   0    0    0    x    x    0
                                                                                                                                                      
  Stickleback (*Gasterosteus aculeatus*)   x       x        --                                                          --   0    0    0    x    x    0

symbol ( -- ) -- lack of sufficient data to deduce that MHC genes of a specific lineage or sublineage are present or absent; 0 -- lack of MHC genes of a specific lineage or sublineage; x -- occurrence of MHC genes of a specific lineage or sublineage

-- lineage Z;

MHC class II molecules in Osteichthyes {#j_jvetres-2020-0025_s_003}
======================================

Based on phylogenetic studies, MHC class II molecules in Osteichthyes have been included in lineage D and in three sublineages marked with letters A, B, and E. In view of the need to revisit the nomenclature of these molecules, Grimholt ([@j_jvetres-2020-0025_ref_011]) suggested that sublineage A should be reserved for sequences grouping with the sequences of the *DAA--DAB* genes of the classical MHC II molecules in Salmonidae and medaka, sublineage E should be reserved for sequences grouping with the sequences of the *DEA--DEB* genes in Salmonidae, whereas sublineage B should be reserved for genes grouping with the sequences of the *DBA--DBB*, *DCA--DCB1*, *DCA--DCB2*, and *DDA--DDB* genes in the Atlantic salmon and the *DEA--DEB*, *DDA--DDB1*, and *DDA--DDB2* genes in the medaka. In the nomenclature of genes of MHC II molecules in a specific fish genus and species, *e.g. MhcSasa* (from *Salmo salar*), in the further place, the first letter, D, denotes a MHC class II molecule, the next letter denotes the locus of a gene within a gene sublineage, and the third letter refers to the subclass *-- A* for chain α and *B* for chain β ([@j_jvetres-2020-0025_ref_011]) ([Table 4](#j_jvetres-2020-0025_tab_004){ref-type="table"}).

There is evidence that MHC II molecule genes of sublineages A and B have most likely evolved from genes of molecules similar to the lineage A and B genes in spotted gar, described as sublineage A/B genes. MHC II molecule genes, *DAA*--*DAB*, are the only genes of the classical MHC II molecules in Osteichthyes that cluster in sublineage A ([@j_jvetres-2020-0025_ref_005], [@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_013]). These genes, *DAA*--*DAB*, which code for both chain α and chain β, have been proven to be present in Atlantic salmon, rainbow trout, and medaka. They are characterised by a high level of expression in, inter alia, the pronephros and spleen, and by high polymorphism and the ability to bind the CD4 receptor ([@j_jvetres-2020-0025_ref_001], [@j_jvetres-2020-0025_ref_005], [@j_jvetres-2020-0025_ref_016]). As was the case with the structure of the classical MHC II molecules in mammals, the structure of domains α1 and β1 of DAA--DAB molecules in Osteichthyes has been proven to have highly conserved amino acid residues αN62 and αN69, as well as βH81 and βN82 as elements of the so-called conservative sequence that has a key and invariable function in the peptide-binding process ([@j_jvetres-2020-0025_ref_005], [@j_jvetres-2020-0025_ref_011]). The presence of βS144 and βE162 residues, which are of great significance in the CD4 protein-binding process and in the antigen presentation, is another important feature of these molecules ([@j_jvetres-2020-0025_ref_011]).

###### 

Constituents of the nomenclature of MHC class II genes (table cells with grey underlay) in fish on the example of *Salmo salar* and *Oryzias latipes*

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  MHC     Fish genus and species symbol   MHC class II gene lineage   MHC class II gene sublineage   Locus   Subclass            Gene                                                                        Full name / symbol of gene
  ------- ------------------------------- --------------------------- ------------------------------ ------- ------------------- --------------------------------------------------------------------------- ----------------------------
                                                                                                     *A*                         *[^\*^](#j_jvetres-2020-0025_fn_0027){ref-type="table-fn"}DAA*--*DAB*       *MhcOrla-DAA*--*DAB*

                                                                      *A*                                                                                                                                    *MhcSasa-DAA*--*DAB*

          *Sasa*                                                                                     *C*                         *[^\*\*\*^](#j_jvetres-2020-0025_fn_0028){ref-type="table-fn"}DCA*--*DCB*   *MhcOrla-DCA*--*DCB*

          (*Salmo salar*)                                                                            *F*                         *[^\*\*\*^](#j_jvetres-2020-0025_fn_0028){ref-type="table-fn"}DFA*--*DFB*   *MhcOrla-DFA*--*DFB*

  *Mhc*                                   *D*                         *E*                            *E*     *A* (for chain α)   *[^\*\*^](#j_jvetres-2020-0025_fn_0030){ref-type="table-fn"}DEA*--*DEB*     *MhcSasa-DEA*--*DEB*

          *Orla*                                                                                     *B*     *B* (for chain β)   *DBA*--*DBB*                                                                *MhcSasa-DBA*--*DBB*

          (*Oryzias latipes*)\                                        \                              *C*                         *DCA*--*DCB1/2*                                                             *MhcSasa-DCA*--*DCB1*\
          or another                                                  *B*                                                                                                                                    *MhcSasa-DCA*--*DCB2*

                                                                                                     *D*                         *DDA*--*DDB*                                                                *MhcSasa-DDA*--*DDB*

                                                                                                                                 *DDA*--*DDB1*/2                                                             *MhcOrla-DDA*--*DDB1*\
                                                                                                                                                                                                             *MhcOrla-DDA*--*DDB2*

                                                                                                     *E*                         *[^\*\*^](#j_jvetres-2020-0025_fn_0030){ref-type="table-fn"}DEA*--*DEB*     *MhcOrla-DEA*--*DEB*
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

-- genes of the classical MHC II molecule;

-- pairs of *Oryzias latipes* genes with limited expression and low polymorphism, clustering in sublineage A (5)

-- gene clustering based on the domain α1 sequence, according to Dijkstra *et al*. ([@j_jvetres-2020-0025_ref_005]) and Grimholt ([@j_jvetres-2020-0025_ref_011]), with preservation of sublineage E for sequences making up a cluster with *DEA--DEB* in *Salmo salar* and with creation of sublineage B with sequences forming a cluster with *DEA--DEB* in *Oryzias latipes*;

Research into the structure and polymorphism of the *MHC IIa* gene (*Trov-MHC IIa*) in the pompano (*Trachinotus ovatus*) ([@j_jvetres-2020-0025_ref_004]), just as in Nile tilapia ([@j_jvetres-2020-0025_ref_030]), Japanese flounder (*Paralichthys olivaceus*) ([@j_jvetres-2020-0025_ref_034]), turbot (*Scophthalmus maximus*) ([@j_jvetres-2020-0025_ref_041]), and Atlantic salmon (*Salmo salar*) ([@j_jvetres-2020-0025_ref_036]), as well as studies on the structure of the *MHC IIα* and *MHC IIβ* genes in pond loach (*Misgurnus anguillicaudatus*) ([@j_jvetres-2020-0025_ref_017]) have shown that the genes contain four exons and three introns. It has been confirmed that the first exon codes for the LP (leader peptide) protein, the second and the third exons code for domains α1 and α2, respectively, and the fourth exon codes for the CP (connecting peptide) protein, the transmembrane region (TM) and the cytoplasmic domain (CT) ([@j_jvetres-2020-0025_ref_004]). In pompano, 29 alleles of the *Trov-MHC II* gene with high polymorphism have been identified. The similarity of the amino acid sequences between the *Trov-MHC IIα* gene and the HLA II, DM α-chain precursor (NCBI reference sequence: NP_006111.2) in humans and the *MHC IIα* genes in other fish species is in a range between 27.6% and 78.6% ([@j_jvetres-2020-0025_ref_004]). These studies have also demonstrated that the *Trov-DAA^\*^6401* and *Trov-DAA^\*^6702* alleles are linked to fish immunity to infection with *Vibrio harveyi*, whereas the *Trov-DAA^\*^6304* and *Trov-DAA^\*^7301* alleles are, in contrast, connected with fish susceptibility to infection with these bacteria. Also studies on polymorphism of alleles and haplotypes in the Atlantic salmon ([@j_jvetres-2020-0025_ref_011]) and Nile tilapia ([@j_jvetres-2020-0025_ref_009]) indicate similar relationships between allele polymorphism and immunity to infectious and invasive diseases in Osteichthyes. As regards inaccuracies in the data relating to genes of the classical MHC II molecules in Osteichthyes, clarification and further research are needed for, inter alia, the determination of the number of loci of the *DAA* and *DAB* genes. Research to date has established, for example, the loci of 22 *DAA* alleles and 42 *DAB* alleles in the Atlantic salmon, and, respectively, 3 and 22 alleles in rainbow trout. As Grimholt ([@j_jvetres-2020-0025_ref_011]) states, this is most likely due to different technical and scientific approaches to the problem. It has also to be noted that within sublineage A of MHC II molecule genes also non-polymorphic genes, *DCA*--*DCB* and *DFA*--*DFB*, that have been identified in the medaka and recognised as non-classical, do cluster ([Table 4](#j_jvetres-2020-0025_tab_004){ref-type="table"}). In zebrafish, 14 genes have been identified within this lineage, and in the Nile tilapia 33 genes ([@j_jvetres-2020-0025_ref_005], [@j_jvetres-2020-0025_ref_032]). This state of identification of the issue can suggest, as emphasised by Grimholt ([@j_jvetres-2020-0025_ref_011]), that varying degrees of polymorphism is not a sufficient criterion for dissimilarity between the classical and the non-classical MHC class II molecules.

The MHC II molecule genes clustering in sublineage B also display, just as those identified in sublineage E, properties of non-classical genes, *i.e*. poorly expressed polymorphism, low expression level and inability to bind the CD4 receptors ([@j_jvetres-2020-0025_ref_011]). Among the genes grouping in sublineage B are inter alia *D8.45/D8.46* in zebrafish, *DBA--DBB, DCA--DCB1/2* and *DDA--DDB* identified in Atlantic salmon, and *DDA-- DDB1/2*, *DEA--DEB* found in medaka ([@j_jvetres-2020-0025_ref_005]) ([Table 3](#j_jvetres-2020-0025_tab_003){ref-type="table"}). What is salient is the sequence similarity between the *DEA--DEB* and *DDA--DDB* genes in medaka and the *DCA--DCB* and *DBA--DBB* genes, respectively, in Atlantic salmon. It can also be noted that the *DEA--DEB* genes in medaka and the *DEA--DEB* genes in Atlantic salmon are not, contrary to appearances, orthologous genes, as pointed out by Grimholt ([@j_jvetres-2020-0025_ref_011]). In the light of the studies by Dijkstra *et al*. ([@j_jvetres-2020-0025_ref_005]), it is very likely that the mechanism to bind an antigen peptide in the antigen-binding groove of the classical MHC II molecules in Osteichthyes is different from that in humans, especially in the absence of the non-classical MHC II molecules of sublineage B in some fish species. That is why a number of properties of the non-classical MHC II molecules in fish originating from sublineage B genes are in need of further investigation. It is necessary to establish the role and function of these molecules in interaction with the classical MHC molecules, particularly in the light of the clearly defined properties of similar molecules in humans, *i.e*. HLA-DM and HLA-DO ([@j_jvetres-2020-0025_ref_005], [@j_jvetres-2020-0025_ref_011]).

MHC II molecule genes of sublineage E occur in the phylogenetically oldest fish, the paddlefish (family: *Polyodontidae*), sturgeons (family: *Acipenseridae*), and in spotted gar. They have also been proven to be present in cyprinids (*Cyprinidae*), the Atlantic salmon, and rainbow trout ([@j_jvetres-2020-0025_ref_005], [@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_029]). MHC II genes of sublineage E in Osteichthyes are described on the basis of the properties of the *MhcSasa-DEA* and *MhcSasa-DEB* genes, identified in the Atlantic salmon on chromosome 2 (a duplicated form containing the *DEAψ* and *DEBψ* pseudogenes occurs in these fish on chromosome 5). These are non-polymorphic genes with poor expression in tissues connected with the immune system, such as the anterior kidney or spleen, and their role is not defined yet ([@j_jvetres-2020-0025_ref_005], [@j_jvetres-2020-0025_ref_011]).

As regards MHC class II molecules in Osteichthyes, it is important to emphasise that genes of the MHC IIa molecules occur within sublineage A, independently of the MHC IIb molecules with limited expression and low polymorphism, which are also present within this sublineage and which can play a role similar to that of the HLA-DO molecules in humans ([@j_jvetres-2020-0025_ref_005]). Phylogenetic studies into MHC II molecule genes of sublineages A and B suggest that they may be descended from the genes of the sublineage named A/B that have been identified in spotted gar (*Lepisosteus oculatus*) ([@j_jvetres-2020-0025_ref_011]). Furthermore, it is remarkable that MHC II molecule genes of sublineage E occur in primitive fish, that is, in paddlefish (family: *Polyodontidae*), sturgeons (family: *Acipenseridae*), and spotted gar (family: *Lepisosteidae*) ([@j_jvetres-2020-0025_ref_005], [@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_029]).

MHC molecules in Osteichthyes in the context of evolution {#j_jvetres-2020-0025_s_004}
=========================================================

A study on the MHC I haplotype variability in the Atlantic salmon, using the genome transcriptome and resources has shown limited levels of polymorphism of genes of the molecules that are functionally related to the antigen processing and to MHC Ia molecule genes ([@j_jvetres-2020-0025_ref_012]). Also in that study, inhibited activity of other genes, duplicated in the second process of duplication of the genome of vertebrates (WGD) and involved in the assembly of MHC I and in the processing of the antigen, also in cyprinids and Salmonidae, could be observed. Studies conducted by Grimholt ([@j_jvetres-2020-0025_ref_012]) show that the elimination of the haplotype contents in homologous regions of MHC Ia is a result of the Osteichthyes genome duplication (TGD - teleost whole genome duplication) and of the duplication of the Atlantic salmon genome (SGD, salmonid whole genome duplication). This may have triggered the development of alternative mechanisms for the development of MHC I molecules and the processing of the antigen ([@j_jvetres-2020-0025_ref_005], [@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_012], [@j_jvetres-2020-0025_ref_013]). The MHC I regions identified in Osteichthyes, also the duplicated regions, have genes that are also shared by humans ([Table 5](#j_jvetres-2020-0025_tab_005){ref-type="table"}). Research has shown that among the most important genes involved in the antigen binding and presentation in the Atlantic salmon, medaka, and zebrafish are also the TAPBP protein coding gene (TAP-associated glycoprotein, tapasin), TAP2 (antigen peptide transporter 2), as well as genes of immunoproteasome subunits, *i.e*. PSMB8 (proteasome subunit β 8), PSMB9 (proteasome subunit β 9), and PSMB10 (proteasome subunit β 10) ([@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_026], [@j_jvetres-2020-0025_ref_033], [@j_jvetres-2020-0025_ref_037]). It should be emphasised that, as studies by Lital *et al*. ([@j_jvetres-2020-0025_ref_022]) show, the constituents of the peptide loading complex (PLC) in rainbow trout are similar to those occurring in mammals but are enriched by a tapasin variant with weight of 20 kDa, which probably favours another peptide-binding mechanism.

###### 

Genes from selected MHC regions, identified in humans and fish ([@j_jvetres-2020-0025_ref_005], [@j_jvetres-2020-0025_ref_013])

            Humans      Spotted gar    Atlantic salmon   Shared genes[^\*\*^](#j_jvetres-2020-0025_fn_032){ref-type="table-fn"}                        
  --------- ----------- -------------- ----------------- ------------------------------------------------------------------------ -------- ----------- --------------------------------------------------------------------
  MHC I     MHC II      MHC I          MHC II            MHC I                                                                    MHC II   MHC I       MHC II[^\*\*\*^](#j_jvetres-2020-0025_fn_033){ref-type="table-fn"}
                                                                                                                                                       
  *HLA-G*   *HLA-DRα*   *U* (3 loci)   *Eα* (2 loci)     *U*[^\*^](#j_jvetres-2020-0025_fn_034){ref-type="table-fn"}              *Eα*     *PSMB8*     *PBX2*
                                                                                                                                                       
  *HLA-A*   *HLA-DRβ*   *P* (3 loci)   *Eβ* (2 loci)                                                                              *Eβ*     *TUBB*      *TAP1*
                                                                                                                                                       
  *HLA-E*   *HLA-DQα*   *L* (2 loci)   *A/Bα*                                                                                              *FLOT1*     *RGL2*
                                                                                                                                                       
  *HLA-C*   *HLA-DQβ*   u.s.           *A/Bβ*                                                                                              *TCF19*     *PHF1*
                                                                                                                                                       
  *HLA-B*   *HLA-DPα*                  u.s. *α*                                                                                            *TAP2*      *BRD2*
                                                                                                                                                       
            *HLA-DPβ*                                                                                                                      *PSMB9*     *SYNGAP-like*
                                                                                                                                                       
            *HLA-DMα*                                                                                                                      *BRD2*      
                                                                                                                                                       
            *HLA-DMβ*                                                                                                                      *TAPBP*     
                                                                                                                                                       
            *HLA-Doα*                                                                                                                      *RXRB*      
                                                                                                                                                       
            *HLA-Doβ*                                                                                                                      *HSD17B8*   
                                                                                                                                                       
                                                                                                                                           *PSMB10*    

u.s. -- undefined sequence; *PSMB8* -- protein-coding gene, proteasome subunit β type-8; *TUBB --* protein-coding gene, tubulin β-chain; *FLOT1 --* protein-coding gene, flotillin-1; *TCF19 --* protein-coding gene, transcription factor 19; *TAP2 --* protein-coding gene, antigen peptide transporter 2; *PSMB9 --* protein-coding gene, proteasome subunit β type-9; *BRD2 --* protein-coding gene, bromodomain-containing protein 2; *TAPBP --* protein-coding gene, TAP-associated glycoprotein, also known as tapasin; *RXRB --* gene, retinoid X reflex point β (RXR-β); *HSD17B8 --* enzyme, oestradiol 17 β-dehydrogenase 8; *PSMB10* -- protein coding gene, proteasome subunit β type-10; *PBX2 --* protein-coding gene, pre-B-cell leukaemia transcription factor 2; *TAP1 --* protein-coding gene, transporter associated with antigen processing 1; *RGL2 --* protein-coding gene, ral guanine nucleotide dissociation stimulator-like 2; *PHF1* -- protein-coding gene, PHD finger protein 1; *SYNGAP-like* -- Ras GTPase-activating protein SynGap-like;

-- selected genes shared by humans (MHC region sized \~ 4Mb) and *Salmo salar* (MHC I and MHC II), as well as by *Danio rerio* and *Oryzias latipes* (MHC I);

-- genes occurring within sublineage E in Salmonidae

-- syntenic gene;

As regards the loci of MHC II molecule genes in Osteichthyes, it is to be concluded that they are scattered and can hardly be defined as syntenic. The scattering of the genes is interpreted as a likely result of the translocation of these genes from the primary MHC region to different genome sites in different fish species. An example of the occurrence of genes of the MHC I and MHC II molecules in one common region is the gene distribution in the spotted gar.

A partial picture of the primeval MHC region can also be seen in Salmonidae within sublineage E of the genes of the MHC class II molecules. In the Atlantic salmon on chromosome 2, there are loci of MHC II molecule genes and of other genes, such as *BRD2, TAP1, PBX 2, RGL2, PHF1*, and *SYNGAP-like* ([Table 5](#j_jvetres-2020-0025_tab_005){ref-type="table"}), while on chromosome 5 there is a duplicated region. However, in the rainbow trout, this region appears to be orthologous. Sublineage E of MHC II molecule genes in Salmonidae is considered the primeval MHC II region in Osteichthyes ([@j_jvetres-2020-0025_ref_005], [@j_jvetres-2020-0025_ref_011], [@j_jvetres-2020-0025_ref_029]). According to Grimholt ([@j_jvetres-2020-0025_ref_011]), the absence of some lineages or sublineages in certain species of Osteichthyes can be understood as functional limitation but, on the other hand, it is perhaps replaced with another mechanism that has evolved and may be able to bind or present the antigen. Examples could include the absence of genes of MHC class IIα and IIβ molecules and the inability to present antigens to CD4 T lymphocytes in Atlantic cod, and in all fish classified into the order *Gadiformes* from the class *Actinopterygii* ([@j_jvetres-2020-0025_ref_025]), and broadnosed pipefish (*Syngnathus typhle*, class: *Actinopterygii*, order: *Syngnathiformes*, family: *Syngnathidae*) ([@j_jvetres-2020-0025_ref_015], [@j_jvetres-2020-0025_ref_024], [@j_jvetres-2020-0025_ref_025], [@j_jvetres-2020-0025_ref_035], [@j_jvetres-2020-0025_ref_039]). The seahorse (*Hippocampus erectus*, class: *Actinopterygii*, order: *Syngnathiformes*), which stands out with, among other things, a single copy of the *MHC IIα* and *IIβ* gene and an absent spleen or gut-associated lymphoid tissue, is a fish species that is particularly interesting in the context of immune response mechanisms and their evolution ([@j_jvetres-2020-0025_ref_024]). The loss of molecules of the MHC II pathway in the fish species mentioned above was most probably due to independent and relatively recent events in terms of evolution ([@j_jvetres-2020-0025_ref_024]). This is evidenced by the fact of the absolute absence of MHC II genes (sublineages A, B, and E) in broadnosed pipefish (*Syngnathus typhle*) and in Atlantic cod, with these genes being present in the closely related big-belly seahorse (*Hippocampus abdominalis*) ([@j_jvetres-2020-0025_ref_039]). These facts may be indicative of completely different organisation and functional efficiency of the mechanisms associated with MHC molecules in different species of Osteichthyes, especially in Atlantic cod. The facts may also have an influence on the understanding of the evolution of MHC molecule genes and other immune mechanisms ([@j_jvetres-2020-0025_ref_013], [@j_jvetres-2020-0025_ref_024], [@j_jvetres-2020-0025_ref_039]). Given the immune mechanism imperfection related to MHC molecules in certain fish species, which is presented as a natural immune deficit, the compensatory role of innate immune mechanisms that are also conditioned by anatomical and physiological barriers ([@j_jvetres-2020-0025_ref_024], [@j_jvetres-2020-0025_ref_039]) is even more especially pointed out.
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